ABSTRACT The yeast, Saccharomyces cerevisiae, contains four types of histones resembling histones H3, H2b, H2a, and H4 of animal cells. These proteins are synthesized primarily, if not exclusively, in the S-phase of the cell cycle. This result is discussed with reference to the insensitivity of ongoing DNA replication in yeast to inhibitors of protein synthesis. Replication of the genetic material in higher organisms is a complex process which involves not only the duplication of DNA, but also the synthesis of nuclear proteins, especially the histones, and the assembly of these constituents into chromatin. The production of DNA and histones in higher eukaryotes is highly coordinated and occurs in the S-phase of the cell cycle. Inhibition of the synthesis of one component influences the formation of the other (1-5).
The results described in this paper show that the four types of yeast histones which resemble histones H3, H2b, H2a, and H4 of animal cells, are synthesized primarily, if not exclusively, in the S-phase of the cell cycle.
MATERIALS AND METHODS Growth and Labeling of Synchronized Yeast Cells. Cells of the diploid wild-type strain A 1160 of Saccharomyces cerevisiae were grown at 25°in complete medium (0.5% peptone, 0.3% yeast extract, 1% glucose), well into stationary phase, until only unbudded cells were present. These were used for synchronization according to published procedures (9, 10) . Synchronized cells were inoculated into the medium described above to a cell density of about 107 cells per ml and grown at 25°. Such cultures divide synchronously for at least three generations. Synchronous growth was monitored by determining the bud index (9) and the DNA content of aliquots of the culture. Labeling was carried out in 350 ml samples of cells at different stages in the cell cycle by adding [3H] lysine to a final concentration of 2 ,uCi/ml. Experiments were started at the beginning of the second division cycle in order to allow the cells to recover from the synchronization treatment. After a 20 min pulse at 250, further protein synthesis was stopped with the addition of cycloheximide (200 gg/ml) to the medium. A 2 ml aliquot was removed from the culture to determine the incorporation of [3H]lysine into total trichloroacetic acid-insoluble material. Cells were then rapidly cooled and harvested by centrifugation. They were washed twice with water containing 200 ,ug/ml of cycloheximide and used for the preparation of histories.
Isolation of Histones. Cells were converted into spheroplasts by a two-step procedure: The Table 2 ).
As is evident from Fig. 1 mmn with [3Hjlysine at the times indicated by the heavy lines below the abscissa. Details of the procedure as well as the method used to isolate labeled histones are given in Materials and Methods. From analyses in polyacrylamide gels (see Fig. 3 ), the percentage of label in histones relative to the total radioactivity incorporated into cellular protein was estimated. This is presented as vertical bars. Also included in this figure are bud index (-----) and DNA content ( ) of the synchronous culture.
second one was sliced and radioactivity was determined. Incorporation of lysine into histones occurs predominantly during the S-phase. There is also some labeling of histones at other periods of the cell cycle but this amounts to less than 20% of that measured in the S-period. This low rate of histone synthesis Because all our measurements were carried out on histones extracted from isolated nuclei, the possibility remained that we actually had determined the capacity of cells to transport labeled histones from the cytoplasm into nuclei. If this transport were coupled to. active DNA synthesis, it might occur only in the S-phase; cytoplasmic histone synthesis could also take place at other stages of the cell cycle which would result in the establishment of a cytoplasmic pool. To exclude this possibility, cells were pulse labeled at a time when histones isolated from nuclei were poorly labeled. A great excess of unlabeled lysine was then added and cells were further grown into the S-phase, nuclei were prepared, and histones analyzed. For these conditions, we found a similarly low percentage of radioactivity in the histones as in those isolated immediately after the pulse (Table 1 in polyacrylamide gels in the presence of 2.5 M urea at pH 2.8. The total amount of acid-extractable nuclear protein obtained at each time point was applied to two gels which were run in parallel. One gel was stained with amido black; the other one was sliced and radioactivity was determined. Only the distribution of radioactivity is shown, for clarity. Data were corrected for the slightly varying recovery of nuclei from cells at different stages in the cell cycle. Histones are present in the fractions between the vertical lines. Total radioactivity in this area of the gels was used to calculate the percentage of label in histones (see Fig. 2 ). Pulse started at 3 hr and 20 min followed by chase into the following S-phase 1.38
Pulse started at 4 hr and 7 min of synchronous growth (S-phase) 5.24
Cells were grown synchronously as described in Materials and Methods. At the indicated times (see Fig. 2 ) the cells were pulse labeled for 20 min with [3H]-lysine. For the chase experiment, a thousandfold excess of unlabeled lysine was added after the pulse and cells were grown into the next S-phase. Histones were isolated and characterized as described in Materials and Methods.
histone synthesis. We have studied this postulate by using the inhibitor of DNA replication, hydroxyurea. It was found ( Table  2 ) that histone synthesis is indeed inhibited as soon as DNA replication has come to a complete stop. In a control experiment, the effect of hydroxyurea on total protein synthesis as measured by the incorporation of [3H]leucine into cellular proteins was studied. It was found that with the conditions employed hydroxyurea did not interfere with the capacity of cells to synthesize protein. This excludes an unspecific and general effect of the drug on protein synthesis in yeast and allows us to conclude that DNA replication indeed exerts a control over histone synthesis in yeast similar to that known to operate in higher organisms.
DISCUSSION
Four histones can be demonstrated to occur in the yeast Saccharomyces cerevisiae. With regard to the electrophoretic mobility in acrylamide gels these proteins correspond to the histones H3, H2a, H2b, and H4 of higher cells. As long as amino acid sequences and functional properties of the yeast histones are unknown, it is impossible to draw any further analogy to the histones of animal cells.
Histone Hi has not previously been found in yeast (11, 15, 16) (20) . From the results of the experiments on inhibition of protein synthesis (6) (7) (8) it could be predicted that all, or at least the great majority, of replicons in yeast are initiated in the initial one-third of the S-phase. This was, in fact, demonstrated recently by fiber autoradiography (21) . Thus, there is a clear difference between yeast and higher eukaryotes in which initiation of the many replicons takes place throughout the entire S-phase. Because these initiation events at any rate require protein synthesis (22) , it is not surprising to find dependence of DNA replication on simultaneous protein synthesis in these higher organisms. The data obtained with yeast likewise suggest that the inhibition of protein synthesis, first of all, interferes with the initiation step of DNA replication. These considerations are important for a judgement of a possible role of histones in DNA synthesis (3). Several investigations (3-5) have shown that in the presence of cycloheximide, DNA synthesis in HeLa or in chick red blood cells initially continues at about 20%-50% of its normal rate. The chromatin thereby formed is more susceptible to nucleases than chromatin made in the presence of histone synthesis. This indicates the capability of these cells to also synthesize some DNA in the absence of concomitant histone formation. It is interesting to note that an uncoupling of histone and DNA synthesis in the reverse sense, namely, histone synthesis in the absence of DNA 
